tions of K+, and triple-barrelled microelectrodes measuring a K , pH and membrane potential (E m ) have provided Initial attempts to measure K+ activity (a K ) in vacuoles a major advance towards this goal ( Walker et al., 1995 , of barley leaf epidermal cells using triple-barrelled K+-1996). The incorporation of a pH-sensing barrel allows selective microelectrodes gave values that were only unequivocal assignment of a K values to either the vacuole about one-third of those expected. This was due to or the cytosol (Miller, 1996) . In addition, the measurehigh (c. 200 mM) NO− 3 concentrations in the vacuoles ments of pH and E m allow thermodynamic calculations interfering with the K+-sensor. The effect of NO− 3 was to be made in order to predict the need for, and likely on 1,2,-dimethyl-3-nitrobenzene (DNB) used as a plasmechanisms of, active K+ transport across the plasma ticizer in the K+-sensor. Replacing DNB with dibutyl membrane and tonoplast ( Walker et al., 1996; Leigh sebacate, but not with 2-nitrophenyl octyl ether, overet al., 1999). came this problem and the modified sensor gave Thus far, measurements using triple-barrelled elecacceptable calibration curves with no interference trodes have been mainly carried out on root cells. As far from physiological concentrations of other ions. These as is known, there are no reported measurements of a K electrodes were used successfully to measure a mean in leaf cells of higher plants using such microelectrodes, a K of 235 mM in vacuoles of epidermal cells of K+-although double-barrelled microelectrodes that measure replete barley leaves.
Introduction because the location of the electrode tip cannot be defined. It is important to gain a better understanding of a K in Potassium salts are the major ionic osmoticum in plant leaf cell compartments because there are differences in cells and K+ is found in both the vacuole and cytoplasm.
the concentrations of K+ in roots and shoots. For In the vacuole, K+ has a purely osmotic role and can be instance, whereas K-replete barley leaves contain approxireplaced by other cations if K+ supply is restricted. It mately 200 mM K+ (Ahmad and Wyn Jones, 1982 ; Leigh also contributes significantly to osmotic pressure in the and Johnston, 1983), concentrations in roots are only cytosol, but here it also has important biochemical roles about 100 mM (Leigh, 1997). These differences have been and, as a result, cytosolic K+ concentration appears to confirmed by measurements made in individual leaf be more highly regulated than vacuolar K+ concentration ( Fricke et al., 1994) and root (Pritchard et al., 1996) cell (Leigh and Wyn Jones, 1984; Walker et al., 1996;  Wyn vacuoles using single cell sampling and analysis (SiCSA; Jones et al., 1979) . Tomos et al., 1994) . To date, there do not appear to be Precise measurements of K+ concentrations in the any quantitative measurements of a K within the cytosol cytosol and vacuole are needed to understand more fully the relationships between growth and the cellular funcof leaf cells and it is important to know if this key parameter has different values in roots and leaves and
Results and discussion
whether there are differences in how it is regulated in Initial measurements of a K in vacuoles of barley leaf different types of leaf cells, as appears to be the case in epidermal cells were made with triple-barrelled microroots ( Walker et al., 1996) . This paper reports difficulties electrodes fabricated with a K+-sensor containing DNB encountered when attempts were made to measure a K as the plasticizer. Location of the electrode tip within the in epidermal cells of barley leaves using triple-barrelled vacuole was confirmed by the pH values (range from K+-selective microelectrodes. pH 4.5-5.5) reported by the pH-selective barrel ( Walker et al., 1995 ( Walker et al., , 1996 . The mean (95% confidence limits) value of a K was 57.2 (68, 47) (n=5) mM. When converted to a concentration using an activity coefficient of 0.75
Materials and methods (Robinson and Stokes, 1968) this value is about 70% lower than those measured in barley epidermal cells Plant material and chemicals ( Fricke et al., 1994) , using SiCSA (mean±SD= Seed of barley (Hordeum vulgare L. cv. Gerbel ) were germinated 214±20 mM, n=4). The values obtained by SiCSA have and grown in a modified Hoagland's nutrient solution containing 5 mM K+ as described previously ( Walker et al., 1996) . They recently been verified using X-ray microanalysis of bulkwere grown in the light at a photon flux density of 280-frozen hydrated samples (Hinde et al., 1998) and so the 300 mmol m−2 s−1 at 20°C until the third leaf was fully discrepancy suggests that the results with the microelecexpanded. All measurements were made on cells located in the trodes are in error. The most likely explanation is interfertrough region (Fricke et al., 1994) of the upper epidermis, ence with the K+-sensor by a component in the vacuolar located half-way along the third leaf. All chemicals were of analytical grade and, except for tetrahydrofuran (Sigma), were
sap. An artificial cell sap was prepared to test this. The purchased from Fluka.
concentration of K+ in this solution was 249 mM K+, and the calculated a K was 187 mM. The mean a K measured with single-barrelled K+-selective electrodes containing Fabrication, calibration and use of K+-selective microelectrodes DNB as the plasticizer was 60 mM ( Table 1) . One of the Single-and triple-barrelled K+-selective microelectrodes were main ions present in the leaf cell vacuoles is NO− 3 , which made and calibrated as described previously ( Walker et al., can reach concentrations of 200-250 mM ( Fricke et al., 1995) , except that the K+ sensor cocktail was composed, 1994 Walker et al., 1995) . The pH-selective microelectrodes calibrated in solutions containing 100 mM NO− 3 , a large were calibrated as previously described ( Walker et al., 1995) .
interference was apparent (Fig. 1) (Fry et al., 1990). apparent that the presence of high concentrations of nitrate was affecting the response of the K+-sensor. By removing each component in the sensor in turn it was Artificial cell sap shown that the plasticizer, DNB, was the NO− 3 -sensitive An artificial epidermal cell sap was made with a composition constituent (results not shown). Electrodes prepared with based on previous results Cuin, 1996) 
effect of nitrate on the response of K+ sensors made with DNB, NPOE or DBS as the plasticizer
Calibration curves were derived using solutions with NO− 3 at a concentration of 0 or 100 mM and slope and detection limits were determined by fitting the Nicolsky-Eisenman equation ( Walker et al., 1995) . Values for the slope and detection limits are given as mean ±SD (n=4 for both). In some cases (n.m.) a detection limit could not be calculated because the fits were poor. The a K is the mean (95% confidence limits) (n=4, in all cases) measured in an artificial cell sap with an a K of 187 mM and NO− 3 at a concentration of 0 or 214 mM. Parameters were measured using single-barrelled microelectrodes. been previously calibrated with a series of seven known a K standards outputs made in the presence or absence of NO− 3 at a concentration of ( Walker et al., 1995) . Parameters were measured using single-barrelled 100 mM. Parameters were measured using single-barrelled microelectrodes. microelectrodes. (Fig. 2) . This explains why no response to NO− 3 was seen in earlier tests (see above). Sensors were prepared with the alternative plasticizers, 2-nitrophenyl octyl ether (NPOE ) and dibutyl sebacate (DBS). With NPOE, the response to 100 mM NO− 3 in the artificial cell sap was similar to that seen with DNB ( Table 1) . Electrodes prepared with NPOE gave unacceptable calibration curves in the presence of NO− 3 ( Table 1 ; Fig. 3 ), and were particularly sensitive to NO− 3 , showing interference at 50 mM NO− 3 (Fig. 2) . When DBS was used, little effect of NO− 3 was detected, even when NO− 3 was present at a concentration of 250 mM (Table 1; Figs 2, 3) . the cell using the fixed interference method (Guilbault et al., 1976) . It was found to be insensitive to physiological concentrations of H+, Ca2+, NH+ 4 , Na+ or Cl−, added in epidermal cell vacuoles of barley leaves and gave a mean (with 95% confidence limits) value of 235 (252, either singly or together in an artificial cell sap. Triplebarrelled microelectrodes incorporating a K+-sensor con-219) mM (n=10). This is within the range of a K expected ( Fricke et al., 1994) . Thus, a K+-sensor containing DBS taining DBS as the plasticizer were used to measure a K of ion-selective electrodes. ments ( Walker et al., 1995 ( Walker et al., , 1996 was not significant in their work (cf. Fig. 2.) .
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